Abstract
At the molecular level, these fluctuations were proposed to originate within the methylation-43 based adaptation system [17, 29, 30] . Adaptation in chemotaxis is mediated by two enzymes, the 44 methyltransferase CheR and the methylesterase CheB, which respectively add or remove methyl 45 groups at four specific glutamate residues of the chemoreceptors [31] [32] [33] [34] [35] . Notably, for the major 46 cooperative interactions for signal processing, the contribution of receptor clustering to the 69 pathway noise remained untested. 70
Here we directly monitored signaling noise in E. coli chemotaxis pathway using Förster 71 
Pathway activity fluctuations in adapting cells 80
To perform time-resolved characterization of the chemotaxis pathway activity in individual E. 81 coli cells, we adapted the microscopy-based ratiometric FRET assay that was previously used at 82 the population level [53] . This assay relies on the phosphorylation-dependent interaction 83 between CheY, fused to yellow fluorescent protein (CheY-YFP), and its phosphatase CheZ, 84 fused to cyan fluorescent protein (CheZ-CFP). Whereas previous measurements of this FRET 85 reporter relied on the signal collection from an area containing several hundred cells using 86 photon counters [54] , here we used imaging with the electron multiplication charge-coupled 87 device (EM-CCD) camera (see Material and Methods). When integrated over the population, the 88 chemoattractant response of E. coli cells that express the FRET pair and a major chemoreceptor 89 Tar ( Figure 1A ) was very similar to the one observed previously [53, 55] . Upon stimulation with 90 the chemoattractant α-methyl-aspartate (MeAsp) the ratio of the YFP to CFP fluorescence 91 decreased, consistent with the attractant-mediated inhibition of the kinase activity, and therefore 92 of energy transfer from the donor (CFP) to the acceptor (YFP). Furthermore, the pathway 93 subsequently adapted to the new background level of attractant via the CheR-dependent increase 94 in receptor methylation, but as previously reported adaptation to high levels of MeAsp is only 95 partial [55] [56] [57] . Subsequent removal of attractant resulted in a transient increase in kinase 96 activity, followed by the CheB-mediated adaptation through the demethylation of receptors. 97
Although the YFP/CFP ratio measured for individual cells during the same experiment was 98 expectedly noisier than the population-averaged data, both the initial response and subsequent 99 adaptation were clearly distinguishable ( Figure 1B) . In contrast to the population measurement, 100
however, a majority of individual cells also exhibited large fluctuations in the YFP/CFP ratio 101 To analyze these fluctuations in greater detail, the power spectral density (PSD) of the single-cell 108 YFP/CFP ratio, , was computed for buffer-or attractant-adapted cells, as well as for the 109 receptorless cells that do not activate CheA. The PSD enables to extract the average spectral 110 content of the temporal variations of the single-cell ratio, i.e. to determine frequencies at which 111 this ratio fluctuates. To rule out possible effects of the initial state of receptor modification on the 112 observed fluctuations, we analyzed cells that express Tar in either the native half-modified 113 (Tar QEQE ) state or in the unmodified (Tar EEEE ) state. We observed that at high frequency the PSD 114 
148

Activity fluctuations in adaptation-deficient cells 149
We next tested whether the observed fluctuations could be solely explained by the action of the 150 adaptation system, by measuring the single-cell pathway activity in a strain lacking CheR and 151 
182
Role of receptor cooperativity in signaling noise 183
To investigate whether the observed fluctuations depend on cooperative interactions between 184 chemotaxis receptors, we utilized a recently described CheW-X2 version of the adaptor protein 185
CheW, which carries R117D and F122S amino acid replacements disrupting the formation of the 186 receptor arrays without abolishing signaling [61] . Indeed, a ΔcheRcheB strain expressing CheW-187 X2 and Tar QEQE showed basal activity and response to MeAsp which were similar to the 188 respective strain that has the native CheW ( Figure 3A In presence of the adaptation enzymes, an effective fluctuation dissipation relation could be 272 predicted in the same theoretical framework, additionally including adaptation described 273 according to the classical two-state models of receptors [13, 69, 71], as 274 concentration. Our analysis also suggests that an effective subunit of the allosteric signaling 330 teams corresponds to one trimer of dimers, rather than a dimer itself as assumed in previous 331 computational models [59, 71] . This might be explained by the finite receptor-kinase coupling 332 within signaling teams, and it is consistent with a previous biochemical demonstration that a 333 trimer is necessary to activate CheA [78] . Notably, it could be easily reconciled with the 334 previous formulations of the MWC models by rescaling the free-energy change per methylated 335 glutamate by a factor of three. 336
In presence of the adaptation system this first source of noise seems to be added to the noise 337 coming from the stochasticity of methylation events. The adaptation system not only shifts the 338 frequency spectrum of fluctuations but also eliminates the latency of the response to stimuli, thus 339 likely accelerating the response through its negative feedback activity. However, receptor 340 clustering is required for the observed activity fluctuations even in presence of the adaptation 341 system, likely because of signal amplification and accelerated adaptation dynamics within 342 clusters [61] . Thus, although the receptor methylation system is clearly important for shaping the 343 overall pathway noise, the resulting picture of the signaling noise in the native chemotaxis 344 pathway is more complex than previously suggested. Altogether, our analysis shows that at least 345 two sources of noise, with fairly comparable strengths, get first processed though a slow 346 responding amplifier (the chemoreceptor cluster) and then fed back through the methylation 347 system, resulting in complex colored fluctuations of the pathway activity and therefore of the 348 swimming behavior. 
Material and Methods 366 367
Cell growth, media and sample preparation 368 E. coli strains and plasmids are described in Table S1 and Table S2, 
Image processing and data analysis 397
The image analysis was performed using the NIS-Elements AR software. The CFP and YFP 398 images, each recorded by a half of the camera chip (256 x 512 px 2 , 1 px = 0.40 µm), were 399 aligned with each other by manual image registration. A gray average of the two channels was 400 then delineated to enhance contrast and create binary masks with a user-defined, experiment-401 specific threshold. Individual cells were detected by segmentation of the thresholded image into 402 individual objects, filtered according to size (3-50 µm 2 ) and shape (excentricity < 0.86). This 403 step resulted in a collection of distinct regions of interest (ROIs) for each frame of the movie. 404
The ROIs were then tracked from frame to frame, using the NIS build-in tracking algorithm. 405
Only ROIs that could be tracked over the entire duration of the experiment were further 406 were discarded as unresponsive. The PSD was computed over T=400-frames long segments as 416
where -T U is the discrete Fourier transform of the ratio of cell V at frequency /2W , -T U * its 418 complex conjugate, .
RRR represents a temporal average over the given time interval and 〈⋅〉 S an 419 average over all single cells considered. The error for the PSD was evaluated as 420 
Fluctuation dissipation relation 485
For the allosteric chemosensory complexes described by the Ising model, the fluctuation 486 dissipation relation associated to the state r of a chemoreceptor is given by = 487
, where …̂ is defined as above [62] , assuming the system is in equilibrium. 488
The power spectral density of the state of the receptor is then 489
We then assumed that ? neighboring receptors constitute a signaling team where all receptors 490 and associated kinases are in the same state (either OFF/inactive or ON/active) at a given time. Note that although we expressed the fluctuation dissipation relation in terms of activity, which 499 allows us to directly compare the analysis with experimental data, this relation can be formulated 500 for any variable (e.g., receptor conformation) that itself determines the activity. 501 502
Evaluation of oe 503
In the non-adapting Tar QEQE strain, the value of 34 was estimated as the difference, averaged 504 over all cells, between the YFP/CFP ratio in buffer, where the activity should be maximal (i.e., 505 equal to one), and the ratio upon saturating stimulation with 100 µM MeAsp as 34 = 506 〈-R 0 〉 − 〈-R 100 .• 〉. In the adaptation-proficient strains, 38 was evaluated as the 507 difference between the ratio value during the brief stimulation with 100 µM MeAsp and the peak 508 of the ratio upon removal of the stimulation (assuming that this value corresponds to maximal 509 activity) averaging the ratio value over single cells. 
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